As the idea that G-quadruplex nucleic acid structures are involved in cellular processes is gaining support, it becomes important to develop ligands that specifically target G-quadruplexes. However, ligand design is complicated because there are multiple G-quadruplex target sequences, some sequences are polymorphic, and very few ligand-quadruplex structures in solution were solved to date. Further, structure alone does not reveal the driving forces for ligand binding. To know why a ligand binds, the thermodynamics of binding must be characterized. Electrospray mass spectrometry makes it possible to detect and quantify each specific stoichiometry in terms of number of strands, number of specific cations, and number of ligands, and thus allows one to simultaneously determine the equilibrium constants for the formation of each complex. We designed and built a temperature-controlled nano-electrospray source to monitor thermal denaturation by mass spectrometry ("MS-melting"). We studied the thermal denaturation of G-quadruplexes, including the c-myc promoter and several telomeric sequence variants, and their complexes with popular ligands (Phen-DC3, TrisQ, TMPyP4, Cu-ttpy). From the temperature dependence of the equilibrium constants, we determined the enthalpic and entropic contributions to the formation of each stoichiometric state. In absence of ligand, we untangled the potassium-induced G-quadruplex folding thermodynamics, one potassium ion at a time. The formation of each quartet-K + -quartet units is strongly enthalpy driven, with entropy penalty. In contrast, the formation of quartet-K + -triplet units is entropically driven. For this reason, such misfolded structures can become more abundant as the temperature increases.
INTRODUCTION
Besides storing genetic information, nucleic acids are also involved in the regulation of gene expression.
To ensure such function, they adopt particular three-dimensional structures, one of which being the Gquadruplex: 1 a four-stranded assembly made of stacked guanine quartets. The quartets are stabilized by hydrogen bonds between the bases, and their stacking is further stabilized by monovalent cation coordination in-between the G-quartets. The existence of DNA G-quadruplex structures in cells was revealed thanks to antibodies. 2 Owing to their prevalence in telomeres and oncogene promoters, Gquadruplexes became attractive targets for anti-cancer therapies. 3, One strategy consists in developing synthetic ligands able to displace the folding equilibria towards the G-quadruplex structure to either hamper telomere maintenance or downregulate oncoproteins. Characterizing the binding affinity, structural selectivity, and G-quadruplex stabilization properties of small molecule ligands is thus of prime interest.
X-ray crystallography 8 and nuclear magnetic resonance (NMR) 9, 10 are powerful techniques to determine the structure of complexes, but are difficult to apply to polymorphic targets such as the human telomeric sequence (TTAGGG repeats). 11 To date, six distinct topologies were solved for the target sequences NiGGG(TTAGGG)3Nj, depending on the cation and on the choice of overhangs Ni and Nj. The sequence 22AG (see Table 1 ) forms an antiparallel 3-quartet structure in sodium solution, 12 a parallel 3-quartet structure in potassium crystals, 13 and a mixture of at least three different other structures in potassium solutions: the 3-quartet hybrid-1 (solved by NMR for 24TTG 14 and 23TAG 15 ) and hybrid-2 structures 16 and one antiparallel 2-quartet structure with slipped strands (solved for 22GT 17 ). Most structures available for ligand complexes with intramolecular telomeric G-quadruplexes were solved by X-ray crystallography, and the only complexes solved by NMR 16, 18, 19 in potassium were cases where the ligand did not significantly affect the topology, i.e. the arrangement of the G-quadruplex stem.
The scarcity of structural information about ligand binding necessitates to rely heavily on biophysical characterization. Moreover, besides structure, the equilibrium binding constants are the key determinants for the ligand potency, either as a drug or as an artificial probe. Ligand binding constants are determined from isothermal titration experiments, which can be monitored using ligand spectroscopic properties, surface plasmon resonance (SPR), 20 or calorimetry (ITC). 21 Another popular method is to monitor a physical property of the folded state as a function of a perturbation such as temperature, and compare the effects in absence and presence of ligand. For G-quadruplexes, thermal denaturation 22 can be monitored by UV absorption at 295 nm, 23 by circular dichroism (CD) at wavelengths characteristic of homo-stacking (260 nm) and hetero-stacking (295 nm) of guanines, 24, 25 by Förster resonance energy transfer between chromophores grafted on strand extremities, 22 by NMR, or by differential scanning calorimetry (DSC). 26 The temperature at which half of the population is unfolded is called the melting temperature (Tm), and the difference of melting temperature in presence and absence of ligand (Tm) often provides the first ranking when screening ligand libraries for their potential to stabilize G-quadruplexes. Table 1 . Abbreviations, sequences, structures and PDB codes of the G-quadruplexes studied here.
Abbreviation
Sequence Structure obtained by NMR in 100 mM K + PDB ID Thermal denaturation data and isothermal titration data do however not always agree, mainly because different states can be populated at different temperatures. In UV-melting or FRET-melting, for example, only one signal is monitored and thus a two-state model often has to be assumed. 30 Deconvolution of multi-wavelength circular dichroism (CD-melting) signals showed that G-quadruplex melting, without ligand, is not two-state. [31] [32] [33] The same was found with DSC. 34 With ligands, the situation is expected to become even more complex, because some ligands are able to change the G-quadruplex topology. For example, the very affine and selective telomeric ligand Phen-DC3 conformationally selects a 2-quartet antiparallel structure, 35 and the Cu(II)-tolylterpyridine selects a 3quartet antiparallel chair structure upon cooperative binding of two ligands. 36 These conclusions were based on isothermal titrations monitored by CD and native electrospray mass spectrometry (MS).
The strength of native MS is to unambiguously detect and quantify each of the multiple stoichiometries coexisting in a mixture. In the case of ligand binding to G-quadruplexes, the stoichiometry of each strand:cation:ligand ternary complex (MnKiLj) can be determined unambiguously. 37 In G-quadruplexes, the number i of specifically bound K + ions informs us on the number of stacked G-quartets (i+1), and the K + binding is thus a proxy for G-quadruplex folding. Based on K + binding, we recently studied Gquadruplex folding pathways 38 and demonstrated that 1-K + /2-quartet antiparallel G-quadruplexes form at low K + concentration or as short-lived misfolded species. In presence of ligands, the number of specifically bound K + ions indicates whether the complex is unfolded (0 K + ), has two G-quartets (1 K + ) or three G-quartets (2 K + ). Thus, if up to two ligands can bind per G-quadruplex, up to nine states can be readily separated by native MS (Figure 1 ), and quantified based on the signal intensities 39 to determine equilibrium binding constants and thus G° of complex formation.
Here, we examined how these binding constants change with the solution temperature. To do so, we built a temperature-variable nanoelectrospray source, inspired by previous designs. [40] [41] [42] [43] The nanospray emitter is embedded inside a temperature-controlled copper block ( Figure S 1) . MS-melting experiments,
i.e. the quantitation of each stoichiometry as a function of the solution temperature, allows a thorough thermodynamic characterization of binding enthalpies (ΔH°) and entropies (ΔS°), and we will show how these thermodynamic parameters can be interpreted in terms of structure. Figure 1 . Chemical equilibria for ligand binding to a G-quadruplex forming sequence. Ligand L is in yellow, and potassium ions (K) are in green. G-quadruplexes require at least one potassium ion to fold.
RESULTS

Thermal denaturation of G-quadruplexes
First, we monitored the thermal denaturation of human telomeric G-quadruplexes, without ligands, using CD and native MS. The sequences studied here are listed in Table 1 . The CD-melting of 24TTG in 100 mM trimethylammonium acetate (TMAA) and 1 mM KCl is shown in Figure 2 . The apparent melting temperature depends on the chosen wavelength. At 290 nm ( Figure 2C , black symbols), a wavelength monitoring alternate (anti-syn and syn-anti) stacking between adjacent G-quartets, the melting curve is sigmoidal with a Tm = 40 °C. The inflexion point corresponds to a drop of signal by one half. In contrast, at 260 nm ( Figure 2D , black symbols), a wavelength characteristic of homo-stacking (anti-anti), the CD signal is constant up to ~40 °C, then decreases monotonically, preventing one to accurately determine a melting temperature. The temperature of signal half-drop (T1/2) is 54 °C. Clearly, more than two states are populated during the thermal unfolding, as also suggested by the absence of isodichroic point in Figure   2A . The presence of intermediates, assigned to parallel structures based on the CD signal at 260 nm, was previously reported by Chaires and coworkers. 32 We also performed MS-melting experiments on telomeric sequences that bind potassium ions less cooperatively than 24TTG, i.e. for which the 1-K + complex is observable. The sequence 22GT forms both MK and MK2 complexes at room temperature in 1 mM KCl. MK and MK2 disappear concertedly upon increasing temperature ( Figure 3B and Figure S 4 ). The MS-melting temperature is the same for both stoichiometries (43 °C) and is also very close to the one obtained by CD-melting. 35 The sequence 23TAG folds into a hybrid-1 G-quadruplex very similar to 24TTG in 100 mM K + , but can also form a 1-K + /2quartet antiparallel structure at lower KCl concentrations. 38 At room temperature in 1 mM KCl, the MK2 complex predominates ( Figure 3C and Figure S 5 ). When the temperature is increased, the MK2 complex disappears, but some MK complex, even after subtraction of the contribution of nonspecific adducts to the peak area, remains present and even slightly increases in abundance above 35 Results obtained with other human telomeric G-quadruplex forming sequences (22AG and 22CTA) and
for two parallel-stranded 3-quartet G-quadruplexes (the c-myc promoter 1XAV and the synthetic sequence T95-2T) are also shown in supporting information (respectively in Figure 
Thermodynamics of K + binding to G-quadruplexes
The quantification of each specific complex at each temperature from the peak areas allows one to calculate the equilibrium association constants, and thus the Gibbs free energy at each temperature. Then, using Van't Hoff plots, the enthalpic and entropic contributions can be determined. The values obtained from the MS-melting experiments are reported in Table 2 . G-quadruplex formation is enthalpically favorable (ΔH°assn < 0) and entropically unfavorable (ΔS°assn < 0) in all cases. [44] [45] [46] This is in line with what happens to the DNA sequence: the entropically unfavorable stiffening of the structure is compensated by the enthalpically favorable hydrogen bond formation, stacking interactions, and cation coordination. These effects thus seem to predominate compared to the entropically-favorable solvent release from the solvation shell of potassium and/or from the DNA strand upon G-quadruplex formation (the latter being less hydrated than the former 47, 48 ).
In Table 2 , the sequences are ordered from the most enthalpically favored MK2 complex to the least favored (22CTA, in which MK2 is not formed). The free energy (ΔG°assn) at 298 K follows the same order.
The melting temperatures follow the same trend, except for 1XAV and T92-2T which are reversed. This means that the entropic contributions differ enough so that the stability order is reversed at 298 K compared to around their melting temperature (335-340 K).
The parallel G-quadruplexes 1XAV and T95-2T are the most favored, followed very closely by the hybrid-1 G-quadruplex formed by 24TTG, which is the most monomorphic telomeric G-quadruplex sequence variant. 23TAG, which forms predominantly the same hybrid-1 structure, but also a 2-quartet structure MK, comes next. Note that here, the MK2 peak intensity may be the sum of two states: the 3quartet hybrid-1 structure, and the 2-quartet antiparallel structure with one additional potassium ion specifically bound between a G-triplet and a G-quartet. The latter is the major structure of the MK2 complex of 22GT. 17 The thermodynamic profile of the MK2 complex of 22AG is very to that of 22GT.
Finally, the thermodynamic parameters for 1 K + binding to 22CTA, forming exclusively a 2-quartet structure with no additional specific K + binding site, closely resemble those of the MK complex of 23TAG. The structural interpretation of these thermodynamic parameters will be further addressed in the discussion section.
Intermediates in the thermal denaturation of DNA G-quadruplexes with ligands
The CD-melting of 24TTG in the presence of one equivalent of TrisQ, a high affinity G-quadruplex ligand, 49 is shown in Figure 2B and Figure MS-melting helps to disentangle the different states based on their stoichiometry. Figure 4 and Figure   S 11 show the MS-melting of 24TTG with one equivalent of TrisQ. At room temperature, the ligand binds by forming mainly a MK2L complex. The 2:1 (ligand:quadruplex) complex is absent, although the hybrid-1 structure has two potential end-stacking sites. The low-temperature CD spectrum does not indicate a major rearrangement of 24TTG upon TrisQ binding. This means that the two end-stacking sites are not equivalent. 39 In addition to the MK2L complex, a minor MKL complex is also present. TrisQ is thus also able to bind to a 2-quartet structural variant and partly displace the initial population (major hybrid-1) towards that structure. Upon temperature increase, up to eight states were observed. The sequence of events upon heating is as follows:
1) The MK2 state (3-tetrad G-quadruplex alone) melts at a similar temperature as without ligand (~46 °C). This is expected if the experiment reflects equilibria; the only reason for which the structure of the free G-quadruplex would change in presence of ligand would be a slow rearrangement following ligand unbinding. In the range 25-40 °C, the ratio between MK2L and MK2 increases when the temperature increases, indicating that the ∆° ⟶ decreases (ligand binding to MK2 is increasingly favored).
2) The melting temperature of the main complex (MK2L), defined as the temperature at which half MK2L disappears, is 55 °C. This temperature is in the same range than-but not identical to-the CD-melting Tm deduced at 290 nm (51 °C).
3) Surprisingly, new states appear after the denaturation of MK2L, notably a 3-quartet complex with two bound ligands: MK2L2. This counterintuitive result can be explained as follows. At room temperature, the ligand:quadruplex molar ratio is 1:1. However, upon melting of the free Gquadruplex, the ligand:quadruplex molar ratio increases, and TrisQ can thus populate the second binding site of the remaining G-quadruplexes. The formation of new complexes as the temperature increases explains why the spectroscopic melting curves are not sigmoidal. It is also possible that some of the high-temperature complexes have a different structure than the room temperature ones.
Intriguingly, the MK2L2 complex appears at temperatures at which the CD signal at 260 nm increases ( Figure 2D ), and thus the MK2L2 complex may contain a higher degree of homo-stacking (typical of parallel-stranded structures). Experiments with T95-2T shows that TrisQ binds to this parallel G-quadruplex with very high affinity and up to 2:1 stoichiometry ( Figure S 12 ).
4) The MK2L2 complex persists up to much higher temperatures than the MK2 and MK2L complexes.
At the highest temperatures, the MK2L2 state disappears. Only unfolded species (without K + ) are formed, and TrisQ ligands are able to bind to these single strands (at least at high temperature). and Figure S 20) . Cu-ttpy binds non-covalently and cooperatively to human telomeric G-quadruplexes, and the ligand-bound form is antiparallel with three quartets. 36 At room temperature, the main complex is MK2L2. MKL is also present, but minor. In contrast, Pt-ttpy binds covalently to adenines in the loops of telomeric sequences. 50, 51 With 22GT, the main complex is MKL. Based on FRET-melting studies in potassium, 50 Cu-ttpy had been discarded as a poor ligand, whereas Pt-ttpy retained attention owing to its higher Tm. Yet, at 26 °C, the fraction of free G-quadruplex is identical with either 1 equivalent Cu-ttpy ( Figure 5C and Figure ranking. The reason lies in the very different states involved. For Cu-ttpy, the MK2L2 species melts at a slightly higher temperature than the ligand-free G-quadruplex. Cu-ttpy also binds noncovalently to the unfolded form at high temperature. In contrast, because Pt-ttpy binds covalently, 50,51 the complex can be considered a modified oligonucleotide, which unfolds (loses K + ) at a higher temperature (56 °C) than the unmodified 22GT (43 °C).
MS
Thermodynamics of ligand binding to G-quadruplexes
In the same way as for the G-quadruplexes alone, we quantified each stoichiometric state along the MSmelting experiments. The free ligand and free potassium ion concentrations were calculated by difference, Table S 1. Figure 6 summarizes the key results for discussion, in the form of checkerboards of G°, H° and S° values compared to the predominant G-quadruplex state without ligand (MK2 for 24TTG, MK for 22AG). This allows one to visualize the cost or gain upon adding/removing each ligand (moving down/up on the checkerboard) or adding/removing each K + ion (moving right/left on the checkerboard) on the strand M. ), suggesting either another binding mode to this G-quadruplex, or that the starting G-quadruplex has a very different conformation. This will be further discussed below. 
DISCUSSION
Uncertainties in the MS-melting method, and comparison with traditional UV-melting, CD-melting or FRET-melting
The contribution of random fluctuations to uncertainty was estimated from replicate experiments. For example, for 24TTG in 1 mM KCl (Table S 2), the standard deviation on the melting temperature is 1 °C, which is similar to UV-melting or CD-melting. One significant source of uncertainty comes from a possible difference between the temperature of the emitter tip, protruding 0.5-1 mm from the copper bloc, and that of the copper block on which the temperature is monitored. We performed Comsol Multiphysics simulations with the block heated from 25 to 70 °C in room temperature (25°C) air (Figure S 21) , and found that the temperature of the tip is lower than the temperature of the copper bloc by 0 to -3 °C.
The standard deviation on thermodynamic parameters from replicate experiments was ~5-12 % for H° and S°, from the Van't Hoff plots. The uncertainty on G298° depends on how far the melting temperature is from 298 K. To verify whether the H° and S° values obtained by MS-melting are reasonable, we also studied two well-characterized complexes: Hoechst 33258 52 and Amsacrine 53 (Scheme S 1) bound to the Dickerson-Drew dodecamer (dCGCGAATTCGCG)2. The difference in binding modes (grove binding versus intercalation, respectively) strongly affects the thermodynamic parameters. Chaires showed that the binding of Hoechst 33258 is entropically favored, 54 and Graves reported that the binding of Amsacrine is enthalpically driven. 53 Our results (supporting information Figure S 22 and Figure S 23) show that the values of G° agree, despite the slight differences in buffer. The values of H° and S° show more discrepancies, but are always of the same sign. We will thus base our discussion of MS-melting results on the sign and magnitude of the thermodynamic parameters rather than on the absolute values.
A significant source of uncertainty, compared to calorimetric methods, is the use of Van't Hoff plot, with the underlying assumption that the enthalpy is independent on the temperature. Calorimetry showed that this is usually not the case for G-quadruplexes. 34, 55 Not taking into account the heat capacity could
give errors up to 20%. 56 One possible solution is to perform several MS-melting experiments at different K + and/or ligand concentrations, so as to shift the melting temperature significantly, and thus obtain thermodynamic parameters at different temperatures. We explored this approach with T95-2T at 100 µM and 1 mM KCl (Figure S 24) . The difference in ∆ ° obtained around 45°C and 65°C is 13%. The ∆ , ° 358 is in very good agreement with values obtained for other Gquadruplexes, 55 so this approach will be worth exploiting in future experimental designs.
However, compared to all spectroscopic and calorimetric techniques, the significant advantage of MSmelting is the direct readout of the stoichiometry of each state. Consequently, the chemical equilibria for which one extracts the thermodynamic parameters are unambiguously defined. Importantly, multiple equilibria can be tracked simultaneously, whereas other techniques, including calorimetry, would struggle to disentangle the states or to interpret the chemical nature of the states extracted by singular value decomposition. 32 Finally, defining baselines for each state is not difficult when treating MS-melting data, which is also a significant advantage compared spectroscopy-melting data. 22, 30 The driving forces for potassium-induced G-quadruplex folding
Using mass spectrometry, we distinguish G-quadruplex folded states via potassium binding, i.e. a multimolecular reaction:
One should be cautious if the MS-melting results are compared with literature in which the folding is defined by a pseudo-unimolecular folding reaction:
is a conditional equilibrium binding constant (i.e., it depends on the experimental conditions, here most notably on the KCl concentration), and Δ° is related to Δ° by:
When discussing literature values one must be critical about how the stoichiometries were assigned. In MS, the stoichiometries are unambiguous and each stoichiometric state is quantified. With traditional methods, the determination of i is more indirect (one may find non-integer numbers) and this is a possible source of discrepancy. Also, differences can come from other components of the solutions, most notably the ionic strength, which may influence the activity coefficients of DNA forms and of cations. Both in our work and in the G-quadruplex literature, the analytical concentrations are used as if they were equal to activities. Finally, the state partitioning in MS is defined by the stoichiometry, whereas spectroscopic techniques (NMR) or data treatment techniques (SVD) may partition the ensemble into very different groups. For example, while the specific MK stoichiometry is a unique signature for a 2-quartet state (only antiparallel structures are known to date), the MK2 complex can be either parallel, antiparallel or hybrid 3-quartet, or the two-quartet structure with one extra cation coordinated between a quartet and a triplet.
However, the thermodynamics of MK2 formation will differ depending on its structure. Figure 7 shows the thermodynamic parameters per specific cation bound for four telomeric sequence variants. For 24TTG, no specific MK complex is detected, and the energy per cation is calculated as half the energy of specific binding of the two cations. We verified by 1 H NMR that, in our 1-mM KCl conditions, 24TTG forms a hybrid-1 structure and 22GT forms an antiparallel 2-quartet structure, like in 100 mM KCl (supporting information Figure S 25 ). 23TAG and 22AG show both the MK and the MK2 stoichiometry.
However, the thermodynamics of cation binding are very different. thymine on the 5'-end suffices to drive the equilibrium significantly towards the hybrid-1 structure. The potassium binding thermodynamics for the MK2 complex of 23TAG is much more similar to that of 24TTG, and the major peaks in the 1 H NMR spectrum of 23TAG at 1 mM KCl are identical to those found in 100 mM KCl, where a hybrid-1 structure was solved.
The main difference between the different potassium binding modes is that the formation of each quartet-K + -quartet units is strongly enthalpically favored and entropically unfavored, whereas the formation of a extra quartet-K + -triplet unit is entropically favored. This means that the driving force for proper G-quadruplex folding (G-quartets only) comes from bond formation, and that this requires significantly stiffening the conformation. However, the cation-mediated stacking of a triplet is entropically favorable despite the additional conformational restrictions, and the main contribution may thus be water release.
Also, a positive TS° contribution for triplet formation means that triplet formation is favored when the temperature is increased. This is why the population of the "misfolded" (two quartets instead of three) structures can increase with temperature, as observed for the MK state in 23TAG ( Figure 3F 
Definition of the melting temperature (T m ), and pitfalls in using spectroscopy-based T m values to rank ligand binding affinities
The Tm is the temperature at which half of the population is unfolded. In MS-melting of G-quadruplexes, the Tm can be inferred from the concentration of all potassium-free forms (with and without ligand). In MS-melting of intermolecular complexes (e.g., duplexes), the unfolded state corresponds to the single strands. In spectroscopic techniques, the Tm is often estimated from the median between the hightemperature and low-temperature baselines. 30 However, when many ensembles are populated as a function of temperature, which often happens in presence of ligands, this simplistic approach fails because the transitions are no longer sigmoidal (the temperature of half-drop of signal must be used instead, and the annotation T1/2 is then preferred). For example, for the binding of TrisQ to 24TTG in Figure 4 , up to eight ensembles are populated. In addition, some ensembles increase, then decrease over the melting experiment. MS-melting offers an unbiased way to determine melting temperatures, because the signal of each folded and unfolded state is quantified simultaneously.
In the G-quadruplex research community, ligand screening often starts with a ranking according to a melting assay. A common way to rank ligand binding affinities is to calculate the Tm or T1/2 from experiments with and without ligand. Disentangling the states by native MS reveals the potential pitfalls when screening ligands using Tm values. For identical G°298 values, entropically favored ligand binding modes give higher Tm values than enthalpically favored ligand binding modes. Thus, when ligands having different binding modes are compared within a series, the Tm ranking is not a good predictor of affinity ranking at other temperatures. MS-melting experiments allow to estimate the equilibrium binding constants (affinities) at each temperature, and are thus key to lift discrepancies between melting experiments and isothermal KD determinations. Furthermore, Tm ranking may have led to favoring ligands having an entropically-favored binding mode compared to ligands with enthalpically-driven binding. The prevalence of melting assays as first screen may have contributed to lower the diversity of ligand binding modes discovered until now.
Thermodynamic signatures of ligand binding, including ligand-induced conformational changes
Planar aromatic ligands such as TrisQ are expected to stack on external G-quartets. 59, 60 We found that the binding of TrisQ to 24TTG is enthalpically unfavorable. This is compatible with stacking because in the ligand-free form, external G-quartets are often capped by additional base pairs. 19 Ligand end-stacking disrupts these interactions, resulting in unfavorable enthalpic and favorable entropic contributions. The release of solvation ions/molecules from the ligand and the G-quadruplex can also contribute to the entropy gain.
In line with previous reports based on calorimetry, 61, 62 we found that the binding of Phen-DC3 to 22AG is enthalpically driven. The previous studies suggested that the displacement of water molecules from the binding interface is responsible for the high affinity. However, we found that the thermodynamic signature for the binding of Phen-DC3 to 24TTG is very different compared to 22AG, so the hypothesis of water release as a driving force does not hold. Our interpretation is that the thermodynamic signatures reflect that the starting structures are different. From potassium binding thermodynamics, we concluded above that 22AG folds mainly into 22GT-like structures (2-quartets 1-triplet of guanines antiparallel Gquadruplex) in our experimental conditions, so there is no major topology rearrangement upon binding of Phen-DC3 to 22AG. We propose that the enthalpically favorable and entropically unfavorable character of Phen-DC3 binding to the 2-quartet structure is due to the formation of new hydrogen bonds between the ligand and the guanines which are left free on both ends of the 2-quartet core. In contrast, upon binding of Phen-DC3, 24TTG therefore has to completely rearrange its topology, and this contribution translates into major differences in the ligand binding thermodynamics.
For TMPyP4, Lah et al. described that the binding of TMPyP4 to 22AG is mainly driven by entropy. 62 Despite the fact the CD signals in presence of the ligand decreased significantly, the authors assumed that no particular conformational changes were occurring upon binding of TMPyP4, and interpreted the entropically-driven binding as due to solvent release from the buried hydrophobic surfaces. Our MSmelting results provide a much more complete picture. With the sequence 24TTG, we could separately characterize TMPyP4 binding to the 3-quartet hybrid structure, to the 2-quartet structure, and to the unfolded form. The binding to the hybrid-1 structure is enthalpically favored, the binding of to the 2quartet structure is slightly entropically favored, and the binding to the unfolded structure is very entropically favored. The binding mode of TMPyP4 to G-quadruplexes has remained controversial: some reports show that it binds and stabilizes G-quadruplexes, 63 others show that TMPyP4 changes the Gquadruplex structure, 64 and others show that it unfolds G-quadruplexes. [65] [66] [67] Here we show that all types of binding coexist, and that the distribution of final states depends on the ligand concentration ratio and on the temperature.
CONCLUSIONS
By analyzing G-quadruplexes formed in the presence of potassium and their complexes with ligands using a temperature-controlled electrospray source, we could, in a single melting experiment, determine the enthalpy, entropy and free energy of formation of each complex based on its stoichiometry. This allowed us to study the thermodynamics of G-quadruplex folding, one potassium ion at a time. Potassium binding between a G-quartet and a triplet has a very different thermodynamic profile than the formation of a quartet-K + -quartet unit, because it is entropically favored. The cause may be that the entropy of water release upon K + binding is larger than the conformational entropy loss due to the triplet formation. An important consequence is that slipped structures may become favorable as the temperature is increased, below the melting temperature at which the entire G-quadruplex unravels.
In several cases, the mass spectra revealed states that were not suspected based on traditional melting assays, and MS-melting experiments are particularly useful to explain apparent inconsistencies between isothermal and melting assays. The ability to distinguish between unfolded structures (no K + bound), 2quartet structures (1 K + bound) and 3-quartet structures (2 K + bound) is important, because several popular ligands (360A, Phen-DC3) are capable of inducing major changes of topology towards 2-quartet folds in telomeric sequences. We also observed such complexes with the ligands TrisQ, TMPyP4 and Cu-ttpy.
In the melting of ligand complexes, we also found that, upon unfolding of the main 1:1 (ligand:quadruplex) complex, 2:1 complexes are formed alongside unfolded forms. This comes from a change of stoichiometric ratio between ligand and (remaining) quadruplex as the ligand-free fraction unfolds. Thus, even when a melting experiment is carried out with one equivalent of ligand, the melting of the higher stoichiometries may ultimately determine the magnitude of the Tm.
We also found that when the ligand binding stoichiometries differ from ligand to ligand, or when ligand binding is associated with topology changes, the Tm values do not reflect the ligand binding constants. 
MATERIALS AND METHODS
Oligonucleotides and ligands
Oligonucleotides were purchased lyophilized and RP-cartridge purified from Eurogentec (Seraing, Belgium). Stock solutions were prepared at 0.80 or 1.00 mM concentration in nuclease-free water (Ambion, Fisher Scientific, Illkirch, France). The concentrations were determined using the Beer-Lambert law by measuring the absorbance at 260 nm. The extinction coefficients were obtained from the IDT website using the Cavaluzzi-Borer correction. 68 The solutions were then diluted to 200 µM before being prepared into the folding conditions. Trimethylammonium acetate (TMAA, Ultra for UPLC) ammonium acetate (NH4OAc, BioUltra for molecular biology, ~5 M in H2O) and potassium chloride (>99.999%)
were purchased from Sigma-Aldrich (Saint-Quentin Fallavier, France).
The ligands TrisQ and Phen-DC3 were synthesized as described elsewhere 49, 69 and provided by Prof.
Teulade-Fichou from Institut Curie, Paris. TrisQ and Phen-DC3 were solubilized at 2 mM in DMSO before being diluted to 500 µM using water. TMPyP4 was purchased from Sigma-Aldrich. The concentration of these three ligands was determined using UV absorbance. The following extinction coefficients and wavelengths were used: for Phen-DC3: 320 = 62400 cm -1 M -1 , for TrisQ 257 = 70900 cm -1 M -1 and for TMPyP4   = 226000 cm -1 M -1 . Cu-ttpy and Pt-ttpy were synthesized in house using previously established protocols. 36, 50 Their concentrations were determined from careful weighing.
Amsacrine hydrochloride was obtained from Sigma and the bisbenzimide Hoechst 33258 from Sigma-Aldrich (Saint-Quentin Fallavier, France). Table 1 lists the G-quadruplex forming sequences used in this article. Moreover, we used the control sequences 21nonG4 (d(GGGATGCGACGAGAGGACGGG)), 22nonG4 (d(GGGATGCGACAGAGAGGACGGG)) and the self-complementary duplex-forming sequences DK33 (d(CGTAAATTTACG),) DK66 (d(CGCGAATTCGCG)) and DK100 (d(CGCGGGCCCGCG)) for control experiments including the tests with minor groove binders and intercalators.
Native mass spectrometry
Melting experiments were performed on an Agilent 6560 IMS-Q-TOF (Agilent Technologies, Santa Clara, CA, USA), using a home built source described in the next section. The experiments were performed in negative mode. The instrument allows recording the drift time distribution of each / species, which helps to discern eventual conformational ensembles. One MS spectrum is summed every ~1 s. The borosilicate nanospray emitters were purchased from ThermoFisher (ref. ES388) and opened manually. The capillary voltage was set between 1.0 and 1.5 kV. The spray capillary is grounded and the source entrance voltage is set to high voltage. A backpressure of 0.1 to 1 bar was applied to ensure a continuous production of ions during the entire melting experiment. The gas in the ion mobility cell of the instrument was helium (Alphagaz 2 grade from Air Liquide, H2O < 3 ppm, CnHm < 0.5 ppm, O2 < 2 ppm). The pumping system in the source region was modified using a second Triscroll TS800 pump (Agilent Technologies). 70 Some experiments (sequence T95-2T) were reproduced on a Synapt G2S (Waters, Manchester, UK), using similar conditions. In this instrument, the cone is grounded and the source is connected to the high voltage.
Home-built temperature-controlled nanoelectrospray source, TCnESI
The TCnESI source is a classical nESI source in which the entire emitter is embedded in a copper block (Typically, 0.5-1 mm of the emitter protrudes outside of the block) ( Figure S 1) . 
Circular dichroism
A Jasco J-815 spectrophotometer was used to perform the CD experiments. A quartz cell of 2 mm path length and 10 mm width was used. The temperature ramp was set to 0.4 °C/min from 4 to 90 °C. The temperature ramp is halted during the acquisition of each spectrum, which consists of two scans acquired at 100 nm/min. A linear baseline was subtracted from each spectrum using the mean value between 320 and 350 nm. CD data were converted to molar circular-dichroic absorption (∆ ) based on DNA total concentration ( ) using the following equation,
where is the ellipticity in mdeg and the length of the cell in cm (0.2 cm).
Mass spectrometry data processing
For the duplexes, the peaks corresponding to the monomer and to the dimer were integrated as a function of temperature. The charge states were summed and normalized to the total concentration. If the peaks overlap in mass (for example a monomer M 3and a dimer M2 6-), ion mobility is used to separate the peaks (supplementary Figure S 28 ). We considered all response factors equal. The difference between the duplex melting temperatures obtained by MS and by other methods could come in part from this assumption.
For the G-quadruplexes, the unfolding was monitored by a change in the number of bound K + . We found that, upon temperature increase, the shift in charge state is very small and not due to the thermal denaturation of the complexes because similar shifts are observed for non-G-quadruplex forming sequences ( Figure S 29 and Figure S 30 ).
The peaks corresponding to the different K + and L stoichiometries were integrated as a function of temperature. From the relative abundances, the DNA concentrations are obtained and the free K + or ligand concentrations can be obtained by difference. For each temperature, the sum of the different species was normalized to the total concentration (10 µM), using the following equation:
where is the integral of the corresponding peaks obtained from the MS experiment, , and are the DNA, potassium cations and ligands, respectively, and , i and their stoichiometries. For K + binding to the G-quadruplexes, and for ligand binding to either duplexes or G-quadruplexes, the assumption that response factors are equal is supported by previous studies. 36, 38, 72 When a solution containing 100 mM TMAA and 1 mM KCl is sprayed, non-specifically bound K + cations are visible on the peaks of the DNA, whether it is folded or not. To distinguish specific from nonspecific adducts, we used a method described previously. 35, 38, 73 Briefly, the distribution of adducts on a reference is used to reconstruct the specific distribution. We checked using the 21 and 22nonG4 sequences (which bind K + only non-specifically) that the distribution of nonspecific adducts is not affected by the temperature (Figure S 29) . For each sequence, we used the distribution of adducts obtained at high temperature (80-85 °C) to quantify the contribution of nonspecific adducts to the ion signal, considering that in this temperature range all DNA structures are unfolded. Two nonspecific adducts were taken into account for the 5-charge state and one for the 6-charge state. The detailed mathematical procedure is reported in the supplementary material ( Figure S 31) .
In Figure S 32 , the dotted lines highlight the differences in the melting temperatures obtained for the treatment of each charge state. These differences were negligible (Table S 2). All quantitative results
shown in the manuscript are the average of the two charge states. Note that the 4-charge state is also observed but was not included in the summation because the 4-ions present a very high number of nonspecific adducts and would thus bring more uncertainty. 38 The equilibrium constants are calculated from the ratios of the concentrations, assuming they are equal to the ratios of their activities. The general form of the reactions for which the thermodynamic parameters were extracted (including for duplexes) is given by:
The stoichiometric coefficients , and are not adjustable parameters, but are integer numbers determined unambiguously from the mass spectrometric measurements. The equilibrium constant of the association reactions are thus:
Equation 9
The ∆ ° was determined using:
where R is the molar gas constant and T is the temperature in K. We used the Van't Hoff plot (ln vs.
1/T) to determine the enthalpic and entropic contributions to the association reaction. The temperature ranges used for the Van't Hoff plots are reported in the figures of the supplementary material.
∆ ° ∆ °
Equation 11
When ∆ ° could not be obtained directly at 298K from the measurement, ∆ ° was obtained by extrapolation, using Equation 10 and the uncertainties were calculated from the sum of the uncertainties on ∆ ° and ∆ °.
In most cases the Van't Hoff plots were linear, and in such cases the ∆ ° determined from the slope in the temperature range wherein could be determined confidently (nonzero concentration of each component) can be relatively safely extrapolated to other temperatures. In some cases, however, the plots are not perfectly linear, meaning that ∆ ° changes with temperature and that ∆ ° is ≠ 0. 55 In general, the errors on the linear fits are larger for these cases. Unfortunately, signal flucturations precluded any reliable fitting using quadratic functions.
In cases where the equilibrium constant of a reaction ⟶ cannot be measured at any temperature because neither species is sufficiently abundant, it is still possible to determine the equilibrium constant and thermodynamic parameters for other coupled equilibria (for example ⟶ and ⟶ ), and then obtain the thermodynamic parameters by difference. The total uncertainty is obtained by standard propagation of individual uncertainties, assuming they are uncorrelated.
